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Abstract

A small-scale tiltrotormodel wastested inthe 7- by 10-fooWind Tunnel at NASA Ame®ResearctCenter, with the
goal of betterunderstanding/ortex Ring State (VRS)effects ontiltrotor aircraft. Test objectiveswere to obtain
performance data of @trotor model over awide range of descewbnditions, to explore theffects ofsideslip atthese
descent conditions, and to investigate the validity of using a single-rotor with a physical image plane to cualulate
rotor performance characteristics. The model consisted of a paiblafledteetering rotors with untwisted, 11.125-inch
diameter, rectangulgslanform blades. Model configuratiorariationsincluded adual-rotor, an isolated-rotognd a
single-rotor with a physical image plane. Rotor performance data were obtained for the dual-rotor configuration operating
over a wide range of descent and sideslip conditions. Isolated-rotor and single-rotor with image plane configemations
tested over an abbreviated range of descent conditResults of this investigatioare presentedndshow mean thrust
reductions inthe region of VRSfor each modetonfiguration. In comparison with thdual-rotor configuration, the
isolated-rotorand single-rotor with image plane configuratiopsducedthrust results similar irtrend but different in
magnitude.

Notation Introduction
C:; Thrust coefficient, ToNg(QR)*rR’ Vortex Ring State (VRSlevelops when &otor’s descent
Ng  Number of rotors velocity approaches the induced walaocity, causing the
R Rotor radius, ft formation of a doughnushapedvortex ring around the
T Total model thrust, Ib circumference ofthe rotor disk. As VRSevelops, the
\% Air velocity, ft/sec flow becomes very unsteady, causingeduction in rotor
Vy, Rotor tip speedQR, ft/sec thrust at constant collective blade pitch.
v,  Equivalent hover induced velocity, (T/20R?)?
o} Shaft angle, positive in descent , deg The aerodynamic characteristics of helicopters operating in
O0g Turntable angle, positive clockwise, deg VRS have beerstudiedfor many years. In the 1960’s,
B Model sideslip angle, deg two propellerswere tested invertical or near vertical
Bz  Sting pitch angle from horizontal, positive up, deg descent, indicating doss in thrust, as well as thrust
0 Rotor collective pitch angle, deg oscillations, in the region of VRS (Ref. 1)Researchers
p Air density, slugs/ft have also completed studies oboth singleand tandem
Q Rotor rotational speed, rad/sec rotor configurations operating iWVRS conditions,each

indicating thrust fluctuations in the region of VRRefs.

2 and 3). More recently, a wind tunnel test waspleted
with the objective of studying VRffects on tiltrotor
aircraft (Ref. 4). In Ref. 4, a single rotor operating in
close proximity to a physical image plane westedover
Presented at the American Helicopter Society a wide range of descenbnditions, showing bothmean
Aerodynamics, Acousticsand Test and Evaluation thrust reductions and thrust oscillations initially
Technical Specialists Meeting, SarnFrancisco, CA, deve|oping atjescentang|es ranging frorrgo-deg to 40-
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of the complicated aerodynamienvironment associated
with VRS, particularly for tiltrotor aircraft operating in
descending flight conditions.

In February2001, NASA AmesResearchCenterand the
US Navy completed a wintlinnel experiment with the
objective of gaining a betteunderstanding of the
aerodynamics oftiltrotor flight in descent. This [
experiment measured the loads experienced by a small-sc
tiltrotor model in helicopter mode, operating at variou
states of descent arsitleslip. A specific objective dhis
study was to furthemvestigate the validity of using a
single-rotor with image plane configuration toodel a
dual-rotor aerodynamic environment.

Fig. 1. Tiltrotor Descent Aerodynamics test in

Test Description

the Ames 7- by 10-Foot Wind Tunnel.

Installation

Figure 1 shows the test installation of sanall-scale
tiltrotor model in the 7- by 10-Foot Wind Tunnel Anes
ResearctCenter. Themodel waslocated atthe center of
the test section to minimize wadffects. The model was
attached to armextension arm in &ideward orientation,
equivalent to a 90-degoll. Model shaft angle-of-attack
changeswere provided bythe wind tunnel turntable and
sideslip, relative to thenodellongitudinal centerline, was
achieved byrotating the extension armpward about a
horizontal axis. Becausehe pitch axis, or turntable axis, |
did not yaw with the model in sideslip, shaftangle-of-
attack and sideslip changeswere not independent. &
Therefore true shaftangle-of-attackand sideslip angle for
the modelwere computedfrom the geometric pitcho()
and yaw f3;) angles as follows:

Fig. 2. with

Single-rotor
configuration.

image plane

o = tan'( tarog / coPg)

@
B = sin'( cosug sinBg ) 2

Model

The tiltrotor model wasconstructedusing off-the-shelf

Isolated-rotortesting wasachieved byremoving theleft- radio-controlled (R/C) model helicopterparts. Figure 3

hand rotor blade set. A 30-incliameterimage plane was
installed horizontally below the model,28R from the
center ofthe rotor for the single-rotor with imagaane
test configuratior(Fig. 2). Tuftswere used tovisualize
airflow along the image plane. Thapproach ofocating
the image planeutboard ofthe modelratherthan at the
model centerline, resulted in the image plane b&iogted
on the advancing side diie rotorinstead ofthe retreating

shows thedual-rotor modelconfiguration with 2-bladed,
untwisted, teetering rotors. The rotor separatistance
was 2.55R and the rotors were configuredsuch as a
conventional tiltrotor with outboard advancing blades.
Model parameters are provided in Table 1.

Commercially available hobbyist radio control,
transmitter, receiver, speed contapidrpm governornits

side. Therefore, this method didt properly represent the were used taemotelycommandrotor rpm and collective

relationshipbetweenthe rotor and the aircraft centerline,
which is on the retreatingide of currentiltrotor aircraft
rotors. It is not knownwhether this difference was
significant.

pitch. A 700Whbrushed electrienotor providedpower to
the model.



Fig. 3. Dual-rotor configuration of tiltrotor
model.

Table 1. Model parameters.

Parameter Value
Diameter 11.125 in
Chord 1.13in
Twist 0 deg
Thrust-weighted solidity 0.13
Rotor s@aration distance 2.55R
Lock number 0.183

Test Conditions

Dual-rotor, isolated-rotorand single-rotor with image
plane performance data were acquired over the test
conditions shown in Table 2. Rot@peedwas held
constant at 5000 rpm, producing a sipeed o243 ft/sec.
Variable test parameters foreach model configuration
included advanceatio (V/Vy,), collective blade pitch (0),
and model shaft angle-of-attack)( Sideslip anglef), was

Table 2. Test conditions

Isolated-rotor,
Parameter Dual-Rotor Single-rotor with
Image Plane

Vy, (ft/sec) 243 243
VIV, 0to 0.13 0, 0.06, 0.08
0 (deg) 0,3,6,9, 0,3, 6,9,

12, 15, 18, 20.4 12, 15, 18, 20.4
oc(deg) 0,10, 20, 25, 30, O, 10, 20, 25, 30,
35, 40, 45, 50, 55, 35, 40, 45, 50, 55,

60, 70, 80, 90 60, 70, 80, 90

Bg (deg) 0to 30 -

Data Acquisition and Instrumentation

Model balancedata werelow-passfiltered at 100 Hz and
acquired atl024 sampleper secondper channel. Data
were recorded ateach test condition for an8-second
duration, producindime historyrecords 0f8192 samples
for each record. Time history records were averaged to
produce mean data.

A 6-component internabalance was used to measure
model forcesand moments. Mean thrust wasused to
calculate the vehicle thrust coefficient. A vane
anemometer, with a range of 1 to 130 ft/sec, inatlled
upstream of the model to measure air velocity in wirel-
tunnel test section.

Results and Discussion

The effects of VRS on mean rotor thrust will be shown for
the dual-rotor configuration for the fullrange ofdescent
angles. Sideslipffects on dual-rotomean rotor thrust
will be shown. Isolated-rotor, single-rotowith image
plane,and dual-rotor thrust results will bepresented and
discussed.

Mean Rotor Thrust
Using Ref. 4 as a guidedescentangle sweepswere

introduced for the dual-rotor configuration only. There wdecussed on the 0.08 and 0.10 advance ratio conditions. In

no measure oblade flapping, therefore descerdangle is
usedwithin this paper wherreferring to shaft angle-of-
attack.

For eachcollective blade pitch, descentangle wasvaried
from O to 90 deg. Advanceratios ranging from 0 t®.13
were tested for the dual-rotor configuration. Thedual-

rotor configuration testing alsimcluded descerdngle and
collective pitch variations for sideslip angles rangirgn

0 to 30 deg. Isolated-rot@nd single-rotor withimage
plane runs wagerformedover a smallerange ofadvance
ratios.

addition, descentangle sweepsvere also performed at 12
and 18-degollective pitch for anadvanceratio of 0.06.
Figure 4 shows the dual-rotor thrust variation as a function
of descentangle, for constardvanceratio and collective
pitch. Initially, thrustincreases as &unction of descent
angle. Depending onadvanceratio and collective pitch,
the thrust begins to decrease with increasiescent angle
between 10 to 40 degThe 0.06 and 0.08 advanceratio
curves, show an initial thrust reductibetween 20and 30
deg. The 0.10 advance ratio curves retiealst reductions
as early as 1Q@leg for higher collective pitch curves, as
well as the lower collective pitch curves



collective pitch. A reduction in the litturve slope occurs
at descentangles consistent with the initial thrust
reductions seen ifrig. 4. Figure 5a, at 0.0&dvance
ratio, reveals a slopeeduction betweethe 20and 30 deg
descent angle curves. Similarly, Fig. Blveals adecrease

[ P=12° = 0=-13

for anadvanceratio of 0.10. Thisdecrease inthe rotor’s
effectivelift curveslope isattributed to thereduction in
thrust caused by VRS.

a) VIV, = 0.06

tip

—--0=6° —«0=9°
a-0=12° = 0=15°

a, deg a) VIV,, = 0.08
b) VIV, = 0.08

tip =

0 10 20 30 40 50 60 70 &80 90

a. deg
c) VIV, = 0.10 0. deg
b) VIV, = 0.10
Fig. 4. Variation of mean vehicle thrust
coefficient with descent angle. Fig. 5. Variation of thrust coefficient with
collective pitch, no sideslip, dual-rotor

configuration.
gradually increasingwith descentangleandthen leveling
off. The thrustreductions occurring betweedescent
angles of 10-40deg areconsistent withgeneral VRS Data from Fig. 5 were cross-plotted toillustrate the
characteristics. collective pitchrequired tomaintain constant thrugtig.
6). Initially, collective pitchdecreases as descemgle
An additional method used to investigate VEcts is to increases. Again, at descent conditieaslier identified as
examine theeffectivelift curveslope (Ref. 4). Figure 5 regions of VRS, aiincrease incollective pitch isrequired
shows the mean vehicle thrusiefficient versus collective to maintain constant thrust. Figure 6a showsnarease
pitch at constantlescentangles foradvanceratios 0f0.08 in collective pitch atdescentanglesbetween 20and 40
and 0.10. The slopes of all theurves are positive; deg, forthe 0.08advanceratio case. Similarly, at 0.10
indicating higher thrust is alwayachieved byincreasing advanceratio, anincrease incollective pitch is needed
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in slope occurring between descent angles of 30 and 40 deg



beginning atdescentangles beginnindgpetween 20and 30 0.025
deg. This increase inthe requiredcollective pitch is a k
result of VRS thrustreductionsand areduction in the

, o U 0.020 [
rotor’s effective lift curve slope. i

0 5 10 15 20 25
0, deg

Fig. 7. Effect of sideslip on mean vehicle
thrust coefficient, dual-rotor configuration,

VIV, = 0.08,a = 30 deg.
4] 10 20 30 40 50 60 70 80 90
@, deg Isolated-rotor, Single-rotor with Image Plane,
a) VIV, = 0.08 and Dual-rotor Comparison
Isolated-rotorand single-rotor with image plandatawere
22 , , , , , acquired at 12 and 18 deg collective pitch for Ga@é0.08
20 [ = Cr=0008 advanceratios. Figure 8 shows mean rotohrust,
18 Lo ig : 8:8]2 - normalized by the meathrust coefficient atO-deg descent
%Ci = 0.014}- angle, for® = 12 deg and V/y, = 0.08. The isolated-rotor

0O 10 20 30 40 50 60 70 80 90
a, deg

-+ |solated Rotor
-+ Single Rotor and Image Plane
-=-Dual Rotor
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a, deg

b) VIV, = 0.10

tip

Fig. 6. Collective pitch required to maintain
constant thrust coefficient, no sideslip, dual-

rotor configuration.
Fig. 8. Effect of image plane on mean thrust

coefficient, V/V,, = 0.08,8 = 12 deg.
Effect of Sideslip on Mean Rotor Thrust
Data were acquiredfor the dual-rotor configuration, at configuration shows éegreater increase irthrust with
sideslip angles ranging from 0 to 8@g. The effects of increasing descentangle, and a reduction in thrust
sideslip angle on mean rotor thrust are shown in Figure bgginning between 35and 40-deg descertngle. The
wherethrust coefficient is plotted versus collectiygitch, single-rotor with image plane shows a similacrease in
at 30-deg descent angle. Mean rotor thoestsnot appear thrust, with areduction inthrust beginning at aescent
to be significantly affected by sideslip angles up to 13 degigle of 30 deg. The dual-rotor configuration shows a
at this descent condition, although additional testing much smallerincrease inthrust with increasingdescent
should beperformed tofurther investigate sideslieffects angle and a thrust reduction beginning atearier descent
for a full range of sideslip and descent conditions. angle of 20 deg. The shallowdecrease irthrust for the
isolated-rotor case, amompared tothe single rotor with
image planeagreeswith the thrust versuslescent angle



resultsreported inRef. 4. Results from this tesmnply
the dual-rotor configuration produces aneven greater
reduction in thrust.

The descentangle at which the thrust begins decrease
due to VRS appears todepend onmodel configuration.
The single-rotor with image plane follows trgeneral
characteristics of a dual-rotor ithe region ofVRS, but
doesnot properly characterizehe descentangle at which
the thrustreductionbegins. Furtheresearchshould be
conducted to determine the specific causes oflifferences
betweenthe dual-rotor and the single-rotor withimage
plane results.

Conclusions

An experimental investigation of a small-scaikrotor
model wascompleted to studythe Vortex Ring State
(VRS) effects for three model configurationsdaal-rotor,
an isolated-rotorand a single-rotor with imageplane
configuration.

The findings from this research effort are as follows:

1. All three model configurationsesulted in significant
VRS inducedthrust reductionsbeginningbetweendescent
angles of 10 to 40 deg.

2. A reduction in the dual-rotor lift-curve slope wagdent
between descent angles of 20 to 40 deg.

3. VRS effects oraveragethrust were not detectedor the
limited amount of sideslip conditions testedDescent
angle and freestreamvelocity appear to have areater
influence on tiltrotor thrust characteristics in VRS
conditions.

4. The dual-rotor modelconfiguration produced thrust
results whichwere significantly different than the single-

rotor with image plane, suggesting the single-rotor and

image plane may noproperly capturethe aerodynamic
nature of a dual-rotor vehicle.

Recommendations for future research are as follows:

1. A model which better representthe physical
characteristics of diltrotor aircraft should betested in
VRS conditions. Specific recommendations fomodel
improvementsinclude using three-bladedrotors, twisted
blades, diltrotor fuselageand wings. Additional research
should beperformed tofurther investigate theeffects of
model scale.

2. Additional dual-rotoiconfiguration testing isecessary
to betterunderstandhe VRS effects on atiltrotor. In
addition to the total vehicle force and moment
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measurements, individual rotor thrstdtorqueshould be
measured on a dual-rotor configuration.

3. Additional single-rotor with image plarmad dual-rotor
comparison testing should be performed. The inpigee
of the single rotor should Hecated onthe retreatingside
of the rotor.

4. A more complete sideslip investigation meeded to

fully understandhe combinedsideslip and descenangle
effects on VRS.
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